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Abstract: Different metals can respond differently when grinding using the same abrasive grinding wheel, 
especially in terms of surface quality. In this context, this work aims give a contribution to the metalworking 
industry by presenting the results of surface finishing after grinding the following metals: VP Atlas steel grade, 
Gray Cast Iron and two superalloys, Inconel 718 and Ti-6Al-4V. Tests were performed with the aluminum oxide 
grinding wheel and with following parameters: cutting speed of 37.6 m/s and workspeed of 10 m/min. Two values 
of depth of cut (15 μm and 30 μm) were tested. The surface roughness (Ra and Rz parameters) were analyzed and 
SEM images of the machined surfaces were taken and analyzed in order to identify the cutting mechanisms and 
provide better results discussion. The results showed that the surface roughness increased with the depth of cut; 
Ra values kept below 0.48 μm for all metals tested. Regarding the machined surface quality, some cracks were 
observed on the gray cast iron and Ti-6Al-4V surfaces, thereby indicating their relative lower grindability 
compared to VP Atlas steel under the investigated conditions. No visual thermal damage was observed in the 
machined surfaces of the samples.  
Keywords: Grinding; Aluminum oxide grinding wheel; VP Atlas steel; Gray cast iron; Inconel 718; Ti-6Al-4V 
alloy. 
 
 
1. Introduction 
 
Grinding is a common name given to machining processes that use hard and non-metallic (ceramics) abrasive 
particles as cutting tool (grinding wheel). It is highlighted among the abrasive machining processes because of its 
importance for the metalworking industry, since it is capable of ensuring the production of components with 
narrower dimensional and geometric tolerances (IT6-IT4) than those obtained in operations which use cutting tools 
with defined geometry, such as turning and milling. During the grinding process, the abrasive grinding wheel 
rotates at high speeds that, generally above 30 m/s, to remove material of the workpiece with small depth of cut 
(ae) values. The conventional abrasives employed in this operation have low thermal conductivity and the grits 
rake angle is predominantly negative during cutting [1]. 
The small depth of cut value and workspeed (vw)/cutting speed (vs) ratio are, in general, responsible for the 
maintenance of the low surface roughness values. These variables define another variable that is typically 
employed to measure the grinding severity and consequently with the grinding efficiency, that is called equivalent 
chip thickness (heq), which can be obtained using the Eq. (1), and physically corresponds to the volumetric removal 
rate per unit area of wheel surface passing through the grinding zone [1]: 
 
ℎ𝑒𝑒𝑒𝑒 = 𝑎𝑎𝑒𝑒 × 𝑣𝑣𝑤𝑤𝑣𝑣𝑠𝑠     [𝜇𝜇𝜇𝜇] (1) 
 
The increase of heq, either by the increase of ae or vw, or by the decrease of vs, usually lead to an increase in 
the cutting efforts and deterioration of the finish as well as the reduction of grinding wheel life [1]. 
According to Jackson and Davim [2], as narrower tolerances are required, the need for surface finish analysis 
is increased, which is measured through roughness using parameters that evaluate the effective profiles of the 
surface. The most common roughness parameter is the average roughness (Ra) which is defined as the mean value 
of the deviations of a profile in reference to a midline over a sampled length. However, by evaluating an average 
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value, the Ra parameter may not point to extremes, not fully characterizing the distinction between peaks and 
valleys, so it is necessary to evaluate other roughness parameters. The surface roughness Rz parameter, in turn, 
refers to the arithmetic mean of the five largest distance values between peak and valley within a sampling length 
[3], thus, in some situations, it can respond better with respect to the profile roughness changes. However, Ra 
parameter is still the most common parameter for evaluating machined surfaces. 
Da Silva et al .[4] states that, despite the large field of application of the cast irons, the literature lacks 
information about the grindability of these materials, with very fee works published. These authors evaluated the 
surface and subsurface quality of three cast iron grades (gray, nodular and compacted) after grinding under 
different machining conditions using a silicon carbide (SiC) grinding wheel and with a semi-synthetic vegetable 
oil-based. The authors reported that the gray cast iron outperformed the other cast irons in terms of low surface 
finish values. With respect the microhardness below the machined surfaces, the authors noticed that the gray and 
compacted graphite cast irons materials did not present microstructural alterations as a consequence of thermal 
damage. However, an increase in microhardness values up to 30% were observed in the nodular cast iron, which 
further indicates that the surface and sub-surface integrity in the grinding process of cast irons are strongly linked 
with the graphite shape, and thus, with the mechanical properties of the materials [4]. 
De Mello, et al. [5] studied the grindability of the Ti-6Al-4V under several machining parameters and 
atmospheres using a silicon carbide grinding wheel. According to the authors, this alloy is especially difficult-to-
machine, since it has a unique combination of low thermal conductivity, high work hardening rate and high 
chemical reactivity with most cutting tool materials. This is especially critical in the grinding process since the 
combination of these properties with the high specific cutting energy and small chip characteristic of this 
machining process could lead to thermal damage. The authors found that, despite the lowest values of surface 
roughness (Ra parameter) achieved using the minimum quantity of lubricant (MQL) technique and the lower depth 
of cut, machining with convention flood coolant technique outperformed the MQL one in terms of surface finish 
at the most severe cutting conditions. 
According to Machado and Diniz [6], mold steels are a steel class with particularly complex machinability 
especially due to the usually high surface finish requirements. Since they are usually found in the hardened state 
and are highly susceptible to thermal damage, the grinding process of these materials are even more challenging. 
Da Silva et al. [7] evaluated the performance in terms of surface finish of the grinding process of the VP ATLAS 
hardened steel with aluminum oxide grinding wheel and various cutting parameters.  They also tested two cooling-
lubrication techniques: the MQL and the conventional coolant delivery (flood). They reported that, regardless the 
cutting atmosphere, the surface roughness increased with the depth of cut. However, in general, the MQL technique 
outperformed the flood in relation to surface finish for most of the cutting conditions. 
According to Da Silva [8] the low grindability of the nickel alloys can be explained by the combination of the 
intrinsic higher thermal input of the cutting zone of this machining process with the low thermal conductivity of 
these alloys. In their work, the Al2O3 grinding wheel was employed in the grinding of the Inconel 718 under 
different grinding parameters, including two cooling-lubrication techniques: MQL and the flood. The output 
parameters were the surface and sub-surface integrities. The authors found that the flood technique outperformed 
the MQL one in terms of both surface and sub-surface integrities. The authors also affirmed that grinding of the 
Inconel 718 alloy is recommended when using depth of cut values in excess of 20 µm. 
In this context, this work aims to evaluate the surface quality of different metals after peripheral surface grinding 
with white aluminum oxide grinding wheel with two different values of equivalent chip thickness. Surface 
roughness (Ra and Rz) parameters and the surface quality of the machined surfaces via Scanning Electron 
Microscopy (SEM) were used to assess the surface quality of the metals. 
 
2. Methodology 
 
Grinding tests were performed on a peripheral surface grinding machine, model P36, from Mello manufacturer, 
with a power of 3 HP and maximum wheel speed rotation of 2400 rpm. The workpiece material metals tested were 
VP Atlas steel, Inconel 718, Gray Cast iron FC 250 and Ti-6Al-4V alloy, whose dimensions and mechanical 
properties are presented in Table 1. 
The grinding tests were carried out with the aluminum oxide grinding wheel with the designation of AA60K6V 
and with the following dimensions: 299 mm of external diameter x 76 mm of internal diameter x 25 mm of 
thickness. A vegetable-based semi-synthetic Vasco 7000 coolant, manufactured by Blaser Swisslube, was used at 
a dilution of 1:19 in water. This coolant was delivered to the cutting zone by the conventional flood coolant 
technique at a flow rate of 540 L/h. A precision vise, that was placed on the magnetic table of the grinding machine, 
was used to hold each workpiece during grinding, as it is shown in Fig.1(a). The cutting speed (vs) of 37.6 m/s and 
workspeed (vw) of 10 m/min were kept constant during all tests. Two depth of cut values (ae), 15 μm and 30 μm, 
were tested, that from Eq. (1) were calculated the equivalent chip thickness (heq), resulting two heq values of 
0.07 μm and 0.14 μm, respectively. 
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Table 1. Details of the metals and their mechanical properties. 
Material Dimensions 
(mm) 
Density 
(g/cm³) 
Hardness 
(HB) 
Thermal 
Conductivity 
(W/m.k) [1] 
Yeld 
Strength 
(MPa) 
UTS 
(MPa) 
Elong. 
(%) 
VP Atlas 
Steel 
19 x 15 x 48 6.8-7.4 350-390 - 1087 [9] 1246 [9] 10 [9] 
Inconel 718 19 x 15 x 30 8.2-8.9 250-410 11.4 1186 [10] 1435 [10] <15[10] 
Gray Cast 
Iron 
19 x 15 x 30 6.8-7.6 150-187 49 - ~ 400 [11] - 
Ti-6Al-4V 19 x 15 x 36 3.8-4.5 334-353 6.7 880 [12] 950 [12] 14 [12] 
 
Prior to each grinding test, dressing operation of the grinding wheel was carried out with a single-point dresser 
of synthetic diamond. It was used an overlap ratio (Ud) of 3 and the dressing operation was conducted in the 
presence of cutting fluid, as shown in Fig. 1(b). According to Marinescu et al. [13], this operation is necessary to 
reconstitute the outer layer of the grinding wheel and to make the edges of the grains sharp. 
 
 
Fig. 1. Used setup (a) for the grinding tests and (b) for the dressing operation 
 
After the grinding tests, measurements of the roughness parameters Ra and Rz of the workpieces surfaces were 
carried out using a portable surface profiler model SJ-201P, manufactured by Mitutoyo with a resolution of 
0.01 μm. The cut-off filter used was 0.25 mm. Three profiles with evaluation length of 5.0 mm were measured 
from each ground surface, perpendicular to the grinding direction and in three different equidistant regions. After 
the roughness measurement, Scanning Electron Microscope (SEM) imagens of each machined surface was 
acquired using a TM 3000 model, manufactured by Hitachi. 
 
3. Results and discussion 
 
In this session the surface roughness results are presented according to the equivalent chip thickness (heq) and 
the surface images obtained after the grinding of all the materials. The surface roughness results in function of the 
equivalent chip thickness (heq) for the four different metals are shown in Fig. 2 for the Ra and Rz parameters, in 
Fig. 2(a) and Fig. 2(b), respectively.  
From graphs of Fig. 2(a) and b is possible to observe that the average values of all the roughness parameters for 
the equivalent chip thickness of 0.14 μm present higher values of roughness compared to those obtained with heq 
of 0.07 μm. Similar behaviors were observed in the works in peripheral surface grinding carried out by Da Silva 
et al.[4] for the gray cast iron, De Mello et al.[5] for the titanium-base, Ti-6Al-4V, alloy, Da Silva [7] for the VP 
atlas steel and Da Silva [8] for the nickel-base, Inconel 718, alloy. As the depth of cut increases and the grinding 
wheel abrasive grits penetrates deeper into the workpiece surface, so the contact length increases as well as the 
number of active grits in contact with the workpiece material. This will lead to increase in the average width of 
the top of the abrasive grits and raises the tangential cutting forces [2] and, consequently, causing deterioration of 
surface finish. According to Jackson and Davim [2] as depth of cut ae increases, there is also an increase on contact 
time of the abrasive grit and the surface of the workpiece and, consequently, an increase in the heat generation in 
this region. The greater amount of heat going to the workpiece raises its temperature and, in turn, increases the 
amount of plastically deformed material on the surface. Depending on the properties of the machined material, 
evidence of severe plastic deformation at the surface may be observed by interrupted marks or lateral flow of 
excessive material. Thus, worst surface roughness results (Fig. 2) of Ti-6Al-4V in relation to the other materials 
can be also observed by the SEM images (Figs. 3 to 5). According to Trent [14], this material is considered to have 
poor machinability in machining processes with defined tool geometry, mostly due to factors such as high chemical 
27
R. B. da Silva et al. Journal of Materials and Applications 2020;9(1):25-31
  
 
affinity with most cutting tool materials, especially with ceramics. As conventional grinding wheels (aluminum 
oxide and silicon carbide) are composed by ceramic grits, it can be observed that titanium alloy exhibited poor 
machinability during grinding with aluminum oxide grinding wheel. In general, abrasive grinding wheels based 
on silicon carbide (SiC) or synthetic diamond (superabrasive) are recommended for the grinding of this alloy. Also, 
new ceramic grains combined with new bond systems, could leverage significantly the results of grinding over 
this type of material, bringing to the grinding zone less heat generation. But in this work, the alumina grinding 
wheel was intentionally selected for research and comparison purposes for the other materials tested. As for the 
other materials, VP Atlas steel, Gray Cast Iron and Inconel 718, it can be stated that, based on the mean values 
and standard deviation, there was no difference between their performance in terms of finishing. 
 
 
Fig. 2. Surface roughness versus equivalent chip thickness after grinding various metals. (a) Ra parameter. (b) Rz 
parameter. 
 
Another important factor to evaluate the influence of cutting parameters during grinding is the analysis of the 
surface quality of the machined component. A detailed analysis of the surface of the machined material shows 
several micro defects or cracks. According to Hecker and Liang[15], the main defects are cracks caused by abrupt 
thermal variations (common in the grinding process with conventional grinding wheels) and craters caused by 
abrasive grit fractures. 
In Figs. 3-6 are shown the images of the ground surfaces as a function of the equivalent chip thickness, obtained 
by SEM, for VP Atlas, Inconel 718, Gray Cast Iron and Ti- 6Al-4V, respectively.  
 
 
Fig. 3. Surfaces of VP Atlas steel after grinding with heq: (a) 0.07 µm and (b) 0.14 µm. 
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Noted from Fig. 3(a) and 3(b) that marks left by the abrasive grits that have passed through the surface of the 
workpiece. It can also be emphasized the presence of plastic deformation on the surface, which according to 
Marinescu et al. [13], occurs due to the penetration of the abrasive grits into the workpiece material that causes 
some material to be pushed and placed on the side by the cutting edges (workpiece material side flow). 
Consequently, it is formed cavities on the surface of the material (lateral grooves), without material removal, only 
plastic deformation occurring.  
Similar behavior to that observed for surface of the VP Atlas steel was also observed for the Inconel 718, Figs. 
4(a) and 4(b), there is evidence of micro-cutting and microploughing (plastic deformation) wear mechanisms 
caused by the passage of the abrasive grits. However, it has been observed that the grooves on the surfaces of the 
Inconel 718 are smoother than those observed for VP Atlas steel, contrary to what was expected. This could be 
explained by the high workhardenability of the Inconel 718, with shifts the tribosystem more towards the 
microcutting than the microploughing, leading to less pronounced grooves on the surface. 
 
 
Fig. 4. Surfaces of the Inconel 718 after grinding with heq: (a) 0.07 µm and (b) 0.14 µm. 
 
Surface images of the gray cast iron workpieces after grinding with different values of equivalent chip thickness 
are shown in In Figs. 5(a) and 5(b). Unlike the VP Atlas steel and the Inconel 718 steel workpieces, the presence 
of cracks and evidence of detachment of the surface material were noticed on the gray cast iron ground surfaces, 
regardless of the equivalent chip thickness used. Gray cast iron is a brittle material and because of its low ductility, 
the plastic deformation region is quite small. Thus, instead of initially only deforming with the penetration of the 
cutting edge of the abrasive grits, this material fractures and detaches from the surface [13]. Marinescu et al. [16] 
reported that the specific energy generated in the process during grinding of gray cast iron with alumina grinding 
wheel might be higher than that for other materials of similar hardness under the same cutting conditions as 
medium carbon steel. It is worth noting that the specific literature also recommends the use of SiC grinding wheels 
for the machining of gray cast iron, which has low tensile strength, thus demonstrating that the correct selection 
of a grinding wheel is essential. This grinding wheel class generally has a sharper shape and has sharper edges 
than aluminum oxide, and, thus, has a greater ability to penetrate the material and remove smaller amounts of it 
through shearing [16]. Another possible explanation for the microcracks in the surface is the open-grain 
phenomenon, described by Guesser et al. [17], as the graphite ejection during the machining process due to the 
high shearing stresses in the cutting region, with lead to surface microcracks. As previously mentioned in this 
work, the selection of the alumina grinding wheel for all materials was only used to determine the machinability 
between the ferrous and non-ferrous materials and, therefore, only with scientific purposes. 
 
 
Fig. 5. Surfaces of the gray cast iron after grinding with heq: (a) 0.07 µm and (b) 0.14 µm. 
 
In Figs. 6(a) and 6(b) are shown the ground surfaces of the titanium-based, Ti-6Al-4V, alloy. From these figures 
can be observed that the quality of the texture for this material is worse than that for the other materials tested and 
29
R. B. da Silva et al. Journal of Materials and Applications 2020;9(1):25-31
  
 
that the marks of the abrasive grits are not as evident as those of the other materials. In addition, evidence of severe 
plastic deformation on the surface may be noted by the material aspect of the workpiece, having the appearance 
of crushing rather than shearing. This phenomenon reflected by the higher values of roughness (Ra and Rz) in 
relation to the other materials (Fig. 2). The equivalent chip thickness practically did not affect the texture, but it is 
known from machining theory that increasing the grinding depth results in a larger heq and intensifies the thermal-
induced plastic deformation, thus raising the levels of residual tensile stress on the ground surface [13]. If the 
thermal expansion is sufficient to cause plastic deformation and at the same time the subsequent cooling promoted 
by the coolant occurs, this will lead to a contraction on the workpiece surface and, thereby, resulting in residual 
stresses. Thus, the change in the microstructure of the material will cause a difference in the volume of crystalline 
arrangement which, in turn, will generate tensile or compressive stresses on the surface. In extreme cases, this 
phenomenon can lead to crack formation on the workpiece surface, as can be observed in Fig. 6(b). Similar results 
as for that current work (Fig. 6(b)) were found by Mello et al. [18] who also observed cracks on the surface of a 
Ti-6Al-4V workpieces and in the perpendicular direction to the cutting direction of the abrasive grits after grinding 
with white aluminum oxide grinding wheel, These authors concluded that these cracks may be related to combined 
thermal, mechanical and chemical factors in the process.  
 
 
Fig. 6. Surfaces of the Ti-6Al-4V after grinding with heq: (a) 0.07 µm and (b) 0.14 µm. 
 
4. Conclusions 
 
After the peripheral surface grinding of various metals with aluminum oxide grinding the following conclusions 
could be drawn: 
1) The lowest roughness (Ra and Rz) parameters values were obtained after grinding with the lowest equivalent 
chip thickness (0.07 μm). Practically no difference between the roughness values (Ra) for the VP Atlas, Inconel 
718 and Gray Cast Iron (0.16 μm) was observed, unlike the Ti-6Al-4V in which the highest value for Ra = 0.48 
μm was recorded after grinding under the severest condition; 
2) Both Inconel 718 and the VP Atlas steel regular grinding marks on their surfaces after analyzes through the 
SEM; 
3) Presence of cracks and material detachment were observed on the ground surfaces of gray cast iron; 
4) Ti-6Al-4V presented the inferior performance in terms of roughness and surface quality in relation to other 
metals tested, since cracks were formed in its surface, thus presenting the poorest machinability under the 
conditions tested. From this is possible to infer that conventional aluminum oxide grinding wheel is not 
recommended for grinding this material; 
5) The cutting parameters used in this research may be considered suitable for the grinding of VP Atlas and 
Inconel 718 materials. 
 
5. Acknowledgments 
 
The authors thank the Post Graduate Program of Mechanical Engineering of UFU - Uberlandia – MG/Brazil 
and the CAPES-PROEX for financial support. The authors also thank the Saint-Gobain Abrasives of South 
America and the Blaser Swisslube by suppling this research with the grinding wheel and the cutting fluid, 
respectively. Special thanks as well to the Tupy and Villares Metals for the donation of ferrous and non-ferrous 
metals, respectively. Rosemar B. Silva would like to make a special acknowledgement to the CNPq via process n. 
311337/2016-3 – Call. n. 12/2016 – Research Productivity Grants - PQ, for the financial support that allowed the 
development of this work, as well as to FAU via Public call n. 02/2018. Rodrigo de Souza Ruzzi and Leonardo 
Rosa Ribeiro da Silva would like to make a special acknowledgement to the CNPq via, respectively, processes n. 
141472/2017-0 and 140321/2016-0. 
 
30
R. B. da Silva et al. Journal of Materials and Applications 2020;9(1):25-31
  
 
6. References 
 
[1] Malkin S, Guo C. Grinding technology: Theory and application of machining with abrasives. vol. 2. Second 
Ed. New York, NY: Industrial Press; 2008. 
[2] Jackson MJ, Davim JP. Machining with abrasives. vol. 1. Boston, MA: Springer US; 2011. 
[3] Gadelmawla ES, Koura MM, Maksoud TMA, Elewa IM, Soliman HH. Roughness parameters. J Mater 
Process Technol. 2002;123:133–145. 
[4] Da Silva RB, Lima MLS, Pereira MF, Abrão BS, Da Silva LRR, Bianchi EC, et al. A surface and sub-surface 
quality evaluation of three cast iron grades after grinding under various cutting conditions. Int J Adv Manuf 
Technol. 2018;99:1839–1852. 
[5] de Mello AV, de Silva RB, Machado ÁR, Gelamo RV, Diniz AE, de Oliveira RFM. Surface grinding of Ti-
6Al-4V alloy with SiC abrasive wheel at various cutting conditions. Procedia Manuf 2017;10:590–600. 
[6] Machado ÁR, Diniz AE. Tool wear analysis in the machining of hardened steels. Int J Adv Manuf Technol. 
2017;92:4095–4109. 
[7] da Silva RB, Pereira MF, Abrão BS, Ruzzi R de S, Guimarães C, Machado ÁR, et al. Performance envaluation 
of the MQL technique in grinding of a mould VP ATLAS steel. 73rd Soc. Tribol. Lubr. Eng. Annu. Meet. 
Exhib. 2018, Minneapolis, USA: Curran Associates, Inc.; 2018. p. 191–196. 
[8] da Silva RB, de Oliveira D, de Castro PHC, Ezugwu EO, Marques A, Machado AR. Grinding of Inconel 718 
alloy with air-oil-water misture delivered by MQL technique. 71st Soc. Tribol. Lubr. Eng. Annu. Meet. Exhib. 
2016. Las Vegas, USA: 2016. p. 1–6. 
[9] Villares Metals. VPATLAS 2015. http://www.villaresmetals.com.br/villares/en/Products/Tool-steel/Plastic-
Molds/VPATLAS/ (accessed 10 Jul. 2019) 
[10] Goodfellow. Inconel alloy 718 - Heat resisting alloy 2019. http://www.goodfellow.com/A/Inconel-alloy-718-
Heat-Resisting-Alloy.html (accessed 18 Otc. 2019). 
[11] Matweb. Overview of materials for gray cast iron 2019. http://www.matweb.com/search/DataSheet. 
aspx?MatGUID=f3cd25980ab24fdaa5893252cd2bc192&ckck=1 (accessed 18 Oct. 2019). 
[12] ASM. Titanium Ti-6Al-4V (Grade 5), annealed 2019. http://asm.matweb.com/search/SpecificMaterial.asp? 
bassnum=MTP641 (acessado 18 de outubro de 2019). 
[13] Marinescu ID, Hitchiner M, Uhlmann E, Rowe WB, Inasaki I. Handbook of machining with grinding wheels. 
CRC Press; 2007. 
[14] Trent EM, Wright PK. Metal cutting. Fourth Ed. Butterworth–Heinemann; 2000. 
[15] Hecker RL, Liang SY. Predictive modeling of surface roughness in grinding. Int J Mach Tools Manuf. 
2003;43:755–761. 
[16] Marinescu ID, Rowe WB, Dimitrov B, Inasaki I. Tribology of abrasive machining processes. First Edit. 
Norwich, NY: William Andrew, Inc.; 2004. 
[17] Guesser WL, Pereira FS, Boehs L. Surface changes during turning of grey cast iron. Int J Mach Mach Mater. 
2016;18:313–324. 
[18] de Mello AV, da Silva RB, Guimaraes C, de Paiva RL, Marques A, Gelamo RV, et al. A contribution to 
grinding of titanium Ti-6Al-4V alloy with various coolant delivery techniques. Proc. 23rd ABCM Int. Congr. 
Mech. Eng.; 2015. 
 
 
© 2020 by the author(s). This work is licensed under a Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/). Authors retain copyright 
of their work, with first publication rights granted to Tech Reviews Ltd. 
31
R. B. da Silva et al. Journal of Materials and Applications 2020;9(1):25-31
